Global-scale solar geoengineering is the deliberate modification of the climate system to 2 offset some amount of anthropogenic climate change by reducing the amount of incident solar 3 radiation at the surface. These changes to the planetary energy budget result in differential 4 regional climate effects. For the first time, we quantitatively evaluate the potential for 5 regional disparities in a multi-model context using results from a model experiment that 6 offsets the forcing from a quadrupling of CO 2 via reduction in solar irradiance. We evaluate 7 temperature and precipitation changes in 22 geographic regions spanning most of Earth's 8 continental area. Moderate amounts of solar reduction (up to 85% of the amount that returns 9 global mean temperatures to preindustrial levels) result in regional temperature values that 10 are closer to preindustrial levels than an un-geoengineered, high CO 2 world for all regions 11 and all models. However, in all but one model, there is at least one region for which no 12 amount of solar reduction can restore precipitation toward its preindustrial value. For most 13 metrics considering simultaneous changes in both variables, temperature and precipitation 14 values in all regions are closer to the preindustrial climate for a moderate amount of solar 15 reduction than for no solar reduction.
where T (units of • C) and P (units of mm day −1 ) are absolute values of temperature and 73 precipitation, respectively, and T and P (unitless) are the absolute changes normalized by 74 the standard deviation. 75 To determine the temperature and precipitation departures from preindustrial levels for 76 an arbitrary level of solar reduction g, denoted ∆T (g) and ∆P(g), we linearly interpolated 77 between ∆T abrupt4xCO2 and ∆T G1 and between ∆P abrupt4xCO2 and ∆P G1 . Models show that Section 1). This linear trend was then extrapolated to levels of geoengineering that exceed 84 the solar reductions in G1. More specifically, we define a normalized level of solar reduction 85 g = ∆S/∆S 4xCO2 , where ∆S is solar reduction, and the denominator denotes the reduction 86 in solar irradiance that returns the globally averaged temperature to its preindustrial value 87 (g = 1). This quantity is computed for each model and for the 12-model ensemble average.
88
In all of our calculations, g ranges between 0 (no geoengineering) and 2 (twice the required 89 amount of geoengineering to return global mean temperature to its preindustrial value; also 90 see Supplemental Section 1).
91
Uniform solar reduction captures many of the qualitative features of the temperature and The climate change metric D in a given Giorgi region i for a particular level of geoengi-109 neering g and weight w is defined by
where w is a dimensionless weight parameter with values in [0, 1]. An equal weighting of ∆T 111 and ∆P in calculating D corresponds to w = 0.5. We have chosen this metric because it has and because it is analytically tractable. One potential shortcoming of regional averaging is 114 the implicit assumption that climate changes are uniform across an entire region, but we do 115 not expect this assumption to affect our methodology or conclusions (Supplemental Section 116 2).
117
The dimensional quantities only make sense for the special cases of w = 0 and w = 1. In 118 these cases, the equations for D degenerate into
For ease of assessing the results, one can also express D for precipitation changes in terms 121 of percent change:
In all calculations, we excluded changes that were not statistically significant, i.e., if we 123 did not have confidence in our ability to discern the sign of the change due to either CO 2 in which no region's mean climate can be moved closer to its preindustrial value without 129 moving another region's mean climate farther away from its own preindustrial value:
That is, the amount of geoengineering is increased (g > 0) until no region i can have D i (w; g) 131 decrease without having D j (w; g) increase for a different region j. The Pareto criterion is a 132 decision rule that is the most sensitive method for minimizing overall impacts when faced 133 with different results in different regions. We chose this method for simplicity, although we 134 do acknowledge that it has an implicit weighting of different regions (as does any method). at least 90% of the amount of geoengineering that would return global mean temperature 140 to its preindustrial value (i.e., D P areto (0) = 0.9). In contrast, precipitation shows varying 141 results: some regions show that precipitation continues to approach its preindustrial value 9 for increasing amounts of geoengineering, whereas others show that any amount of geo-143 engineering increases the departure from preindustrial (i.e., D P areto (1) = 0). Assessing the 144 physical mechanisms governing regional precipitation changes would require a thorough un-145 derstanding of the individual parameterizations and feedback strengths in each model, which 146 is beyond the scope of this paper.
147 Figure 2 shows that these conclusions hold for individual models and the all-model aver- be more important in some regions than small changes in normalized temperature. This has the advantage of simultaneously considering multiple climate fields in a single metric.
167
Normalized temperature changes due to high CO 2 alone are an order of magnitude greater 168 than normalized precipitation changes, and thus temperature changes will dominate D values 169 for many relative weights (w) of temperature and precipitation.
170 Figure 3 shows the amount of geoengineering as determined by the Pareto criterion for 171 different weights of temperature and precipitation (Equation 7). This amount of geoengi- Figure 2 : The amount of geoengineering (g) that minimizes regional changes (D, Equations 4 and 5) in temperature (top) and precipitation (bottom) for each region (x-axis). Dashed grey line indicates g = 1, in which global mean temperature is returned to the preindustrial value. Red lines denote the median response of the 12 models, blue boxes denote 25th and 75th percentiles of model response, and black whiskers indicate the range of model spread. Grey bars show the response for the all-model ensemble mean. Note that ordinates have different scales. 
